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Small PdCx interstitial compound for
efficient acidic CO2 electroreduction to
formic acid

Yaodong Yu1,5, Zuochao Wang1,2,5, Weizhou Wang1,5, Jiani Han1,3, Tian Dong1,
Guangzhe Jin1, Hongdong Li1, Qingliang Lv1, Alexander V. Kutchin4,
Jianping Lai 1 & Lei Wang 1

The development of efficient acidic CO2 reduction reaction (CO2RR) to high
value-added chemical HCOOH at high current density (>1 A cm-2) is crucial.
However, addressing high potential, low Faradaic efficiency (FE), and poor
stability simultaneously under acidic conditions remains challenging. Here, we
construct small PdCx interstitial compounds and engineer the interstitial
atoms to modulate the catalyst’s soft acid strength, thereby overcoming the
triple challenge of “low overpotential-high current density-high stability” in
acidic CO₂RR to HCOOH. Density functional theory (DFT) calculations and
experimental characterization reveal that interstitial carbon infusion mod-
ulates Pd’s soft acid strength and weakens the Pd-O bond energy to form and
desorb HCOOH, circumventing CO poisoning of the catalyst. Meanwhile,
interstitial carbon infusion optimizes electronic structures, enhancing OCHO
intermediate coverage as well as the effective retention and utilization of *H.
This effect suppresses hydrogen evolution reaction (HER) while enhancing
HCOOH selectivity. The optimized PdC0.13/CNT achieves >95% FEHCOOH and
demonstrates stability in a proton exchange membrane (PEM) electrolyzer,
maintaining 1000mAcm-2 operation for 500hours at 1.8 V cell voltage.

Carbon dioxide (CO2), a major greenhouse gas, intensifies global
warming and climate change1–5. The conversion of CO2 into high-value
products like formic acid (HCOOH) through electrocatalytic reduction
(CO2RR), powered by surplus renewable energy, presents a promising
sustainable strategy6–9. While recent advances focus on optimizing
CO2RR for HCOOH production10–14, alkaline electrolytes suffer from
carbonate formation due to CO2 reaction with OH-, leading to low CO2

utilisation15–18 and electrolyte contamination via HCOO- and HCO3
-

anion crossover19,20. Acidic electrolytes effectively suppress carbonate
formation21–23 while utilizing H+ as the proton source, eliminating OH-

generation and creating an industrially favorable environment for
high-current-density HCOOH production24,25. Current research
enhances acidic CO2RR performance through local microenvironment
modulation, tensile strain engineering, elemental doping, and mass
transfer optimization26–29, yet challenges persist in achieving low
operating potentials, >95% HCOOH Faradaic efficiency (FE), and >500-
hour stability at >1 A cm-2 in the electrolyzer. Meanwhile, the key
mechanisms of modulation at the molecular level remain unclear30–32.

Developing high-performance acidic CO2RR electrocatalysts
demands innovative design strategies. Pd-based catalysts are
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promising due to their ability to form *OCHO intermediates at low
potentials33–35. However, we observe that the Pd (111) surface readily
forms *COOH, a key intermediate in the CO₂→CO reaction pathway
(Fig. 1a)36,37. Even though the formation energy of the *OCHO (0.55 eV)
is similar to *COOH (0.48 eV) (Supplementary Fig. 1), for Pd-*OCHO,
the Pd-O bond (381 kJmol-1) and C-O bond (380kJmol-1) have com-
parable bond energies, hindering subsequent desorption of
*HCOOH38. It has been reported that softening acidic metal sites
weakens metal-oxygen interactions, thereby promoting product des-
orption and enhancing selectivity39. On the other hand, altering the
electronic structure can modify the formation energy of key inter-
mediates and regulate their coverage40. Simultaneously, high inter-
mediate coverage enhances *H utilization efficiency and suppresses
the hydrogen evolution reaction (HER)41. These insights guide the
design of Pd-based catalysts that synergistically regulate soft acid
strength and elevate *OCHO coverage to achieve CO-resistant, HER-
suppressed, and selective HCOOH production.

In this study,weengineered interstitial atoms tomodulate the soft
acid strength of the catalyst, thereby enabling stable regulation of the
Pd-O bond strength. This work demonstrates that a dual mechanism
simultaneously suppressing H₂ and CO formation is crucial for
achieving high performance in acidic CO2RR to HCOOH using Pd-
based electrocatalysts. The interstitial carbon infusion strategy indu-
ces electron delocalization from Pd to carbon atoms while increasing
the softness of Pd catalytic sites, weakening the Pd-O bond energy to
favor the HCOOH formation pathway (Fig. 1b). The weakened Pd-O
bond effectively promotes HCOOH desorption. Concurrently, inter-
stitial carbon infusion optimizes electronic structure, lowering *OCHO
formation energy and enhancing *OCHOcoverage, thereby preventing
catalyst poisoning and instability. The higher HER energy barrier
enhances the retentionandutilization efficiencyof *H,with retained *H
serving as a “proton reservoir” for CO2 hydrogenation, ensuring high
selectivity and efficient HCOOH synthesis. The optimized PdC0.13/CNT
achieves FEHCOOH of 95.1 ± 1.3% at 1000mAcm⁻² and demonstrates
stable 500-hour operation in a proton exchange membrane (PEM)
electrolyzer at this current density (cell voltage: 1.8 V).

Results and Discussion
In this study, surfactant-free PdCx/CNT catalysts were synthesized via a
solvent-free microwave method (Supplementary Fig. 2). Scanning

electron microscopy (SEM) image reveals smooth carboxylated CNT
surfaces (Supplementary Fig. 3). X-ray diffraction (XRD) analysis
(Fig. 2a) confirmed Pd/CNT peaks matching the standard Pd reference
(PDF #46-1043), with characteristic (111), (200), (220), and (311) planes
at 40.1°, 46.7°, 68.1°, and 82.1°, respectively. The peakof the interstitial
PdC0.13/CNT is shifted to a lower angle, indicating lattice expansion
from carbon infusion. SEM and transmission electron microscopy
(TEM) images (Fig. 2b, c) confirmed small (~5 nm)PdC0.13 nanoparticles
uniformly dispersed on CNTs. High-resolution transmission electron
microscopy (HRTEM) reveals a lattice spacing of 0.24 nm corre-
sponding to Pd (111) planes (Fig. 2d), while the energy dispersive X-ray
spectroscopy (EDS) elemental mapping verifies homogeneous Pd and
Cdistribution (Fig. 2e). In order to visually demonstrate the infusion of
C atoms in PdC0.13 as deduced from the XRD analysis, aberration-
corrected high-angle annular dark-field scanning transmission elec-
tron microscopy (AC-HAADF-STEM) measurements were performed.
Line-scanning of the selected region in Fig. 2f further show some iso-
lated C atoms in the Pd lattice interstitials with low imaging contrast,
which is characteristic of light elements with low atomic numbers. The
lattice spacing expands to 0.24 nm due to the infusion of C (Fig. 2g).
The fast Fourier transform (FFT) image shows that the PdC0.13 sample
has (111) crystalline facet, which is consistent with previous char-
acterization (inset of Fig. 2f). In conclusion, the interstitial compound
PdC0.13/CNT was successfully synthesized. In addition, PdCx/CNT with
varying interstitial carbon content was synthesized by modulating
cellulose mass (Supplementary Fig. S4, 5). The lattice parameters and
compositions at different mass of reactants are given according to
formula and Supplementary Table 142. Increasing carbon content
induces progressive negative XRD peak shifts (Fig. 2h), consistent with
lattice expansion. In addition, the state change of Pd in interstitial
PdCx/CNT with different carbon contents was further investigated by
X-rayphotoelectron spectroscopy (XPS). TheXPS spectraof interstitial
PdC0.13 nanoparticles present two main peaks at 336.47 eV and
341.76 eV, corresponding to the Pd 3d5/2 orbitals and Pd 3d3/2 orbitals
of the zero-valence state, respectively, and the peak positions are
obviously shifted to higher binding energies (Fig. 3a and Supplemen-
tary Fig. 6)43,44. This is due to the fact that the electronegativity of Pd
(2.20) is smaller compared to C (2.55), and electron transfer occurs
between the two elements. As the carbon content increases, the peaks
move more towards the high binding energy. In addition, the energy
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Fig. 1 | Schematic illustration of the different mechanisms. a On a typical Pd surface, the C-O bond is easier to cleave, thus producing CO. b On a carbon infusion Pd
surface, the Pd-O bond is weakened, thus producing HCOOH. (Green: Pd, gray: C, red: O and white: H, same as below.).
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band structure of interstitial PdC0.13/CNTwas characterised by valence
band spectroscopy (Supplementary Fig. 7). As previously reported, the
valence band of interstitial PdC0.13/CNT becomes relatively narrower.
This is due to the increase of Pd-Pd distance and the change of elec-
tronic structure45. The successful infusion of carbon can modulate the
Pd acid site to a softer state, thereby modulating subsequent product
formation39.

We further employed X-ray absorption spectroscopy (XAS) to
investigate the electronic structures and local coordination environ-
ments of Pd sites in these synthesized catalysts. In order to precisely
characterize the electronic structure of PdC0.13, Fig. 3b shows that the
k-edge X-ray absorption near-edge structure (XANES) spectrum of
PdC0.13 exhibits a valence state that is tightly bound to the Pd foil,
which confirms that the major valence state of Pd in PdC0.13 is zero
valence state46. This conclusion is consistent with the XPS results.
Subsequent extended X-ray absorption fine structure (EXAFS) analysis
identifies a distinct Pd-C scattering peak at 1.5 Å and a characteristic
peak at 2.82Å attributable to lattice relaxation of Pd-Pd bonds fol-
lowing carbon intercalation (Fig. 3c). This is the sameconclusion as the
successful infusion of interstitial carbon in Fig. 2f, g. Detailed quanti-
tative parameters are provided in Supplementary Table 2. The EXAFS
fitting data unambiguously confirm carbon atoms predominantly
reside in subsurface interstitial sites rather than on the surface,

evidenced by: (1) a well-defined Pd-C coordination shell
(R = 2.09 ±0.05 Å characteristic of interstitial carbon, distinct from
surface-adsorbed species with R > 2.5 Å); (2) a Pd-C coordination
number (CN) of 0.93 ± 0.2 confirming bulk lattice incorporation (sur-
face confinement would yield near-zero CN); and (3) carbon-induced
lattice expansion elongating Pd-Pd bonds from 2.73 Å (pure Pd) to
3.01 Å while reducing CN from 12 to 8.03. Wavelet transform (WT)
analysis further validates these findings, showing a pronounced Pd-C
intensity maximum at 1.5 Å. The Pd-Pd WT peak shifts from 2.7Å (Pd-
foil) to 3.01 Å (PdC0.13) due to lattice expansion (Fig. 3d–f)47. This
confirms stronger long-range Pd-Pd interactions and more dispersed
electron clouds, leading to a more delocalized electronic structure of
Pd (i.e., softer metal sites). Complete EXAFS fitting parameters and
k-space data are provided in Supplementary Fig. 8-9. The Pd-foil
reference (R = 2.73 Å, CN= 12, R-factor = 0.002) in Supplementary
Table 2 serves as the essential benchmark for quantifying distortions.
Therefore, it can be concluded that the carbon infused into the lattice
exists in the subsurface interstitials rather than at the surface, and that
the infusion of interstitial carbon modulates the electronic structure
and softness of Pd.

The CO2RR performance of PdCx/CNT was evaluated in a two-
compartment H-cell with a standard three-electrode system (Supple-
mentary Fig. 10a). After optimization of carbon content, electrolyte
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Fig. 2 | Morphology and structure characterizations of PdC0.13/CNT. a The XRD
pattern of Pd/CNT and PdC0.13/CNT. b SEM image, c TEM image and d HRTEM
image of PdC0.13/CNT. (insert: lattice spacing). eCorresponding elementalmapping
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pH, and K+ concentration, it is determined that PdC0.13/CNT exhibits
the competitive performance in 0.5M K2SO4 (pH = 3 ± 0.03 adjusted
by H2SO4, CK+ = 1.0M) electrolyte (Supplementary Fig. 10b–d). As
shown in Fig. 4a, the current density of PdC0.13/CNT is significantly
reduced in the Ar-saturated electrolyte, indicating that interstitial
carbon infusion effectively suppresses the HER side reaction. On the
contrary, under CO2-saturated condition, PdC0.13/CNT shows a

substantial increase in current density compared to Pd/CNT at all
applied potentials, indicating enhanced CO2RR activity. Next, detailed
rotating disk electrode (RDE) experimentswere performed in the same
acidic electrolyte (pH= 3 ± 0.03) to elucidate the transport behavior of
CO2 and H+ on the surface of the PdC0.13/CNT catalyst. The diffusion-
limiting mechanism of CO2 reduction is evaluated by measuring the
LSV profiles of PdC0.13/CNT and Pd/CNT at different rotational speeds
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(0-2400 rpm) under CO2 atmosphere. At 0 rpm, the CO2RR onset
potential of PdC0.13/CNT is advanced by 50mV compared with that of
Pd/CNT, and the CO2RR onset potential of PdC0.13/CNT is consistently
advanced by 100mV for all other rotational speeds (Fig. 4b-c). More-
over, PdC0.13/CNT exhibits higher current density relative to Pd/CNT at
all applied potentials. These are attributed to the enhanced CO2RR
capacity, so the rate of CO2 addition to the catalyst surface is accel-
erated, which is the described enhanced mass transfer of CO2. Simi-
larly, we performed a complete RDE test under Ar atmosphere. By
measuring the LSV curves of PdC0.13/CNT and Pd/CNT at different
speeds (0-2400 rpm), we evaluate the diffusion limitingmechanismof
H+ reduction (Supplementary Fig. 11). At 0 rpm, the HER onset poten-
tial of PdC0.13/CNT is delayed by 75mV compared with that of Pd/CNT
and is consistently delayed by 50mV for PdC0.13/CNT at all other
speeds. In addition, a current density plateau corresponding to
diffusion-limited hydronium ion reduction is found in all polarization
curves.Notably, PdC0.13/CNT exhibits a smaller plateau current density
than Pd/CNT, possibly due to the weakening of H+ reduction at the
cathode surface, resulting in a weakening of H+ mass transfer. In
addition, for Pd/CNT, an increase in secondary current density is
observed at ~-1.13 V vs. RHE, consistent with the onset of water
reduction. In contrast, PdC0.13/CNT initiates water reduction at a more
negative potential (-1.2 V vs. RHE). The above confirms that PdC0.13/
CNT improves CO2RR selectivity and activity by inhibiting competitive
HER. Subsequently, the liquid and gaseous products after one-hour
electrolysis at different voltages were analyzed. CO and H2 were
determined by gas chromatography (GC), and the associated gas
calibration curves as well as quantitative data are shown in Supple-
mentary Fig. 12 and Supplementary Table 3-4. HCOOH liquid product
were detected using 1HNMR analysis and theNMR results are shown in
Supplementary Fig. 13. The final quantification of the FE distribution of
the products of the catalysts with and without interstitial carbon
infusion show that PdC0.13/CNT is dominated by HCOOH, whereas the
gaseous products CO and H2 are the main components in Pd/CNT
(Supplementary Fig. 14). This is attributed to the inhibition effect of
PdC0.13/CNT on HER and the advantage of preferential formation of
HCOOH. For Pd/CNT without interstitial carbon (Supplementary
Fig. 15), FEHCOOH increased from 12.0 ± 1.4% at -0.7 V vs. RHE to a
maximum of 16.1 ± 2.0% at -0.9 V vs. RHE and then decreases due to
HER enhancement. At -0.9 V vs. RHE, the optimum current density of
PdC0.13/CNT catalyst for CO2RR reaches about -89.8mAcm-2. PdC0.13/
CNT maintained FEHCOOH > 85% across all applied potentials, peaking
at 95.3 ± 1.3% at -0.9 V vs. RHE (Fig. 4d and Supplementary Table 5),
demonstrating competitive performance compared to previously
reported catalysts. The 5-fold increase in FEHCOOH for PdC0.13/CNT
compared toPd/CNT (95.3 ± 1.3% vs. 16.1 ± 2.0%) suggests that the Pd-O
bond weakens to form HCOOH. Compared to Pd/CNT, PdC0.13/CNT
achieves higher partial current densities for HCOOH at all potentials.
Additionally, PdC0.13/CNT has the highest current density (JHCOOH) in
the HCOOH part at -0.9 V vs. RHE, reaching -85.9mA cm-2 (Supple-
mentary Fig. S16). Furthermore, PdC0.13/CNT achieves the highest
HCOOH cathode energy efficiency (CEE) compared to Pd/CNT. The
maximumCEE reaches 64.0%, which ismore than five times that of Pd/
CNT (Supplementary Fig. S17). These results confirm that the infusion
of interstitial carbon enhances the ability of PdC0.13/CNT to electrolyze
CO2 into HCOOH.

Tafel slope and electrochemical impedance spectroscopy (EIS)
measurements were conducted to further investigate the role of
PdC0.13/CNT inCO2RR under acidic conditions. As shown in Fig. 4e, the
Tafel slope of PdC0.13/CNT (535.3mV dec-1) is lower than that of Pd/
CNT (757.9mV dec-1). This indicates that the CO2RR kinetics is accel-
erated after the infusion of interstitial carbon. EIS Nyquist plots (Sup-
plementary Fig. S18) reveal that PdC0.13/CNT exhibits lower charge
transfer resistance compared to Pd/CNT, suggesting enhanced elec-
tron transfer efficiency at the electrode-electrolyte interface during

CO2RR. The electrochemical double layer capacitance (Cdl) is calcu-
lated based on cyclic voltammetry (CV) at different scan rates (Sup-
plementary Fig. S19-20). The Cdl value of 13.9 mF cm-2 for PdC0.13/CNT
is higher than that of Pd/CNT, which suggests that the former can
exposemore active sites. The above electrochemical data demonstrate
the intrinsic catalytic activity and fast interfacial reaction kinetics of
PdC0.13/CNT. The strength of CO2 binding to the electrocatalyst is
subsequently determined by corroborating the intrinsic properties of
the catalyst through the temperature-programmed desorption (TPD)
technique. As shown in Fig. 4f, PdC0.13/CNT is required to reach 630 °C
for desorption of CO2, higher than that of Pd/CNT. The desorption
temperature is positively correlated with the binding strength of the
catalyst, which is more favorable for the subsequent reaction
process48.

The long-term electrolytic stability of PdC0.13/CNT is a key indi-
cator for evaluating the catalytic performance and practical applic-
ability of CO2RR. Five-cycle tests demonstrated high stability in acidic
medium at -0.9 V vs. RHE, with negligible fluctuations in FEHCOOH

(average 94.9%) and current density (Supplementary Fig. S21). The
relevant FE of gas products are listed in Supplementary Table 4-5. In
order to verify that the catalyst has the potential for long-term
operation, its stability over 24 h was initially explored. In the stability
test, PdC0.13/CNT maintains a stable current density of -88.9mA cm-2

(Supplementary Fig. S22a) and there is almost no decay of FEHCOOH

after the reaction (maintained at 94.9%, Supplementary Fig. S22b).
Therefore, the catalyst has the potential for longer reaction times,
which will be followed by long stability tests. The pH of the electrolyte
remained constant after the reaction, ensuring a stable electrocatalytic
environment (Supplementary Fig. S23). The CO stripping test is an
effectivemeansof verifying the catalyst’s tolerance toCOdeactivation.
The CO oxidation onset potential of PdC0.13/CNT is negatively shifted
by 96mV (0.493 V) compared with that of Pd/CNT (0.589 V) (Supple-
mentary Fig. S24), suggesting resistance to CO poisoning. The elec-
tronic modulation induced by the infusion of carbon weakens the
intrinsic CO binding strength, which is consistent with the lower
d-band center of PdC0.13/CNT (Supplementary Fig. S25)49,50. Subse-
quently, we complement the CO reduction experiments: a chron-
oamperometrymethod (-0.9 V vs. RHE) is performed in a CO-saturated
acidic electrolyte (0.5MK₂SO₄, pH = 3 ±0.03) to monitor the current
decay kinetics. Pd/CNT shows a rapid decay of the current (due to CO
poisoning of the active site). PdC0.13/CNT, on the other hand, is able to
maintain a stable current for several hours, directly verifying the tol-
erance of working in CO environment (Supplementary Fig. S26). Post-
test physical characterization shows that PdC0.13/CNT retained its
original structure, with particle size (~5 nm) and Pd (111) lattice spacing
(0.24 nm) unchanged (Supplementary Fig. S27). After the reaction, the
positions of the XRD diffraction peaks of PdC0.13/CNT coincide exactly
with those before the reaction, and the peak intensities do not change
significantly. In addition, the half-heightwidths of the diffraction peaks
of the samples before and after the reaction also remained basically
the same (Supplementary Fig. 28a). XPS analysis confirms stable
composition and valence states of PdC0.13/CNT, with negligible Pd
dissolution detected in solution (Supplementary Fig. 28b and Sup-
plementary Table 6). Together, the above characterization results
demonstrate thatH in solution is not infused into the lattice. To further
confirm the absence of H in the lattice after the reaction, H2-TPD can
verify the ability of H to enter the lattice51. H can enter the lattice of Pd/
CNT, and the decomposition of β-PdHx occurs at ~60 °C, confirming
the presence of lattice H (Supplementary Fig. 29). However, this peak
disappears in the patterns for PdC0.13/CNT containing carbon inter-
stitial atoms, indicating that the subsurface layer is occupiedby carbon
interstitial atoms. These results collectively confirm the structural and
electrochemical stability of PdC0.13/CNT under operating conditions.

Further in situ Fourier transform infrared spectroscopy (FTIR)
experiments were carried out to elucidate the reaction pathways and
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the role of PdC0.13/CNT in the enhancement of CO2RR performance in
acidic media. Intermediates are analyzed in order to relate the con-
centrationof adsorbed substances to the reaction kinetics. As shown in
Fig. 5a, b, a prominent *OCHO intermediate peak is observed near
1380 cm-1 - a key characteristic peak for the efficient production of
HCOOH compared to *COOH. At the same time, almost no signal of
*CO was detected, suggesting that PdC0.13/CNT favors Pd-O bond
weakening to form HCOOH. In addition, the *COOH signal at the cor-
responding position of Pd/CNT is related to the linear adsorption
stretching mode of *COL at ~2031 cm-1. Pd/CNT preferentially under-
goes C-O bond breakage, and thus detects a more obvious *CO19,52,53.
The *OCHO signal intensity increases steadily with applied potential
from -0.7 to -0.9V vs. RHE, which is attributed to the enhanced inter-
mediate coverage facilitated by the abundant active sites of PdC0.13/
CNT. At potentials above -0.9 V vs. RHE, there is a slight decrease in

*OCHO intensity along with a slight loss of FE, which is attributed to
competition with HER. These findings confirm that PdC0.13/CNT inhi-
bits HER and CO toxicity by stabilizing the formation and coverage of
crucial intermediates.

Density Functional Theory (DFT) calculations were performed to
further elucidate themechanistic role in the electrocatalytic formation
of HCOOH fromCO2RRby PdC0.13/CNT. Notably, if CO2 adsorbs on the
surface of Pd (111), it tends to form *COOH and thus CO poisoning the
catalyst. *OCHO readily forms on the PdC0.13 (111) surface, serving as a
key intermediate for subsequent HCOOH formation while minimizing
CO poisoning of the catalyst (Supplementary Fig. 1). The applied
potential for the Gibbs free energy calculations was set based on -0.9 V
vs. RHE for DFT calculations using the computational hydrogen elec-
trode method54. Free energy diagrams of CO2RR steps for these cata-
lysts are shown in Fig. 5c-d. Compared to the PdC0.13, the Pd shows
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further reduced free energy (-0.30 eV) to form the critical *COOH,
which undergoes an exothermic reaction from CO2 (Fig. 5c). In con-
trast, PdC0.13 exhibits a thermodynamically non-spontaneous energy
barrier (0.05 eV) during the *COOH formation step. Regarding *CO
generation, both catalysts produce *CO via an exothermic reaction
pathway. The desorption process on PdC0.13 shows a more negative
free energy, making the third step (*CO desorption) more readily
achievable. This aligns with prior characterization indicating that CO
exhibits weak binding energy on the PdC0.13 surface, thereby avoiding
adverse effects. As shown in Fig. 5d, both catalysts spontaneously form
OCHO and HCOOH intermediates at -0.9 V vs. RHE. The infusion of
carbon favors the *OCHO step, significantly promoting subsequent
*HCOOH desorption. Although *OCHO can also form on the Pd sur-
face, its desorption after forming *HCOOH exhibits a markedly
increased energy barrier (0.12 eV). The results indicate that the PdC0.13

catalyst exhibits stronger *OCHO adsorption and more readily dis-
sociated *HCOOH, making the CO₂RR process more spontaneous and
maximizing HCOOH selectivity. The dissociation energy results also
align with the reaction pathway free energy. Although *OCHO may
form on the Pd surface, the comparable bond energies of Pd-O
(381 kJmol-1) and C-O (380 kJmol-1) bonds hinder efficient desorption
of HCOOH, making CO formation the primary pathway. After carbon
infusion, the Pd-O bond dissociation energy in *OCHO (2.36 eV) is
significantly lower than the C-O bond energy (3.19 eV) (Fig. 5e). Pro-
tonation of *OCHO further weakens Pd-O bond interactions (2.28 eV),
greatly facilitating HCOOH formation and desorption while enhancing
product selectivity (Supplementary Fig. 31). This aligns with DFT cal-
culations and characterization results: carbon infusion renders Pd sites
in a softer state, therebyweakening oxygen interactions andultimately
improving product desorption capacity and FE. It is worth mentioning
that by calculating the Gibbs free energy of *H adsorption on PdC0.13

and Pd, it is found that the infusion of interstitial carbon enhances the
adsorption of *H (-0.58 eV), which is higher than that of pure Pd
(-0.45 eV). This suggests that HER is effectively suppressed, which is
conducive to improving the selectivity of the product HCOOH. Nota-
bly, the Volmer step on the surface of PdC0.13 is exothermic andhas the
lowest energy barrier (-0.58 eV), which favors the generation of *H
(Supplementary Fig. 32). Subsequently, the Heyrovsky step energy
barriers for both catalysts were calculated. As shown in Fig. 5f, the
energy barrier after carbon introduction is 0.35 eV, lower than that of
the Pd site without interstitial carbon (0.49 eV), indicating that the
PdC0.13 catalyst exhibits an advantage in suppressing the HER. Based
on these results, it canbeconcluded that PdC0.13 notonly enhances the
retention of *H, but also effectively inhibits the competitive HER.
Additionally, we further investigated the influence of interstitial car-
bon on H* regulation in the CO₂RR to HCOOH at practical operating
potentials via Bode plots. Supplementary Fig. 33 displays the Bode
phase plots of PdC0.13/CNT and Pd/CNT in 0.5M K2SO4 (pH = 3 ±0.03)
solution under applied potentials of -0.7 V to -1.0 V vs. RHE. When
interstitial carbon is infused, the peak intensity is significantly lower
than that of Pd/CNT. As the negative voltage increases, its peak fre-
quency decreases markedly. This result further confirms that inter-
stitial carbon slows down the Heyrovsky step and suppresses H₂
generation, thereby enabling the intermediate to readily capture H*
and formHCOOH. Based on the above results and discussion, it can be
concluded that the infusion of interstitial carbon confers significant
advantages for charge transfer to produce HCOOH during the CO₂RR
processwhile effectively preventing theHER, thereby ensuring high FE
for HCOOH production. Combined with the high coverage of *OCHO
in the in situ FTIR spectra, it can be seen that the retained *H can act as
a “proton reservoir” for the hydrogenation of CO2. The easily wea-
kened Pd-O bond, stable and enhanced *OCHO coverage, HER inhibi-
tion and inherent CO tolerance collectively improve the activity,
selectivity, and stability of acidic CO2-to-HCOOH conversion. These
theoretical insights align with experimental observations, providing

atomic-scale rationale for the catalytic performance trends in CO2RR.
The relevant Pd and PdC0.13 adsorption configurations are shown in
Supplementary Figs. 34–36. Although our DFT calculations provide
valuable insights, they have limitations in fully capturing the real cat-
alytic environment, such as the effects of solvents and surface
dynamics, which may influence reaction pathways and energetics.

The reaction system is scaled up using a PEM electrolyser with a
gas diffusion electrode (GDE) to assess its industrial applicability
(Fig. 6a and Supplementary Fig. 37a). Operation in an acidic electrolyte
(0.5M K2SO4, pH = 3 ±0.03 adjust by H2SO4) is challenging due to the
corrosive cathodic environment and increased HER competition. It is
worth mentioning that the anodic oxygen evolution reaction is
replaced by a Pt-Ru black-catalyzed hydrogen oxidation reaction
(HOR)2. This not only reduces the total voltage, but also results in
higher current density at lower overpotential. More importantly, the
generation of harmful hydrogen peroxide, whichmay damage or even
destroy the PEM membrane, is avoided. As a result, the membrane of
the PEM reactor is more durable and have a longer service life. Clearly,
PdC0.13/CNT is capable of acidic CO2 electrolysis at 600–1200mA cm-2

(Fig. 6b), which corresponds to a cell voltage range of 1.28–2.06 V.
Similarly, the FE of the product is quantified after 1 h of electrolysis.
FEHCOOH greater than 75% are achieved in this range, peaking at
95.1 ± 1.3% at 1000mA cm-2 (Fig. 6c). Notably, PdC0.13/CNT can stably
operate for 500h at 1.8 V (1000mA cm-2) (Fig. 6d), demonstrating
competitive performance in the acidic CO₂RR to HCOOH with high FE
and long-term stability (Supplementary Table 3). During the long-term
stability tests, the electrolyte is changed every 24 h to avoid liquid and
gas buildup at the cathode. Even after 500 hours, the PdC0.13/CNT
electrocatalyst maintains nearly constant chemical stability (FE decay
of ~6.8%) (Fig. 6e). Despite the highly proton-conductive environment,
the PEM electrolyzer exhibits sustained high FEHCOOH and reduced H₂
yield. This is precisely due to *H retention and utilization (*OCHO
coverage enhancement) as well as weakened HER kinetics. The GC
data, molar amounts and production rates of H2 and CO are shown in
Supplementary Table 7–8. After 24 h of electrolysis, pH measurement
confirms that there are minimal changes in the anode and cathode
regions (Supplementary Fig. 37b), thus maintaining a stable catalytic
environment. A techno-economic analysis was conductedusing results
from a two-compartment electrolyser to estimate a plant-gate leve-
lized cost for HCOOH production using the PdC0.13/CNT electro-
catalysts, evaluating the commercial potential. As shown in
Supplementary Fig. 38a, the plant-gate levelized cost is significantly
lower than the lowest market price in the paired CO2RR-HOR system,
demonstrating a considerable advantage over the conventional
CO2RR-OER system. The CO2RR-HOR system exhibits significantly
higher energy efficiency (EE) compared to the CO2RR-OER system.
Under conditions of current density varying from 600 to 1000mA cm-

2, the EEs of the CO2RR-HOR system range from 64.3% to 54.5%, indi-
cating that most of the electrical energy in the system was utilized to
generate HCOOH (Supplementary Fig. 38b). The CO2RR-HOR system
can effectively decrease the required voltage and energy consumption
(EC) for HCOOH production, with an average EC reduction of 37.6%
compared to the CO2RR-OER system (Supplementary Fig. 38c). As
shown in Supplementary Fig. 39, the CO2RR-HOR system demon-
strates competitive profitability compared to traditional systems at
different current densities, enabling it to better buffer against fluc-
tuations in electricity costs and market prices. These results demon-
strate the industrial feasibility of interstitial carbon-infused PdC0.13/
CNT in acidic CO2 electroreduction.

In conclusion, we developed an electrocatalyst design for acidic
CO2 electroreduction to HCOOH, achieving enhanced activity, selec-
tivity, and stability through elevate intermediate coverage and sof-
tened acidic strength of Pd sites. By optimizing the interstitial carbon
ratio, surfactant-free PdC0.13/CNT demonstrated competitive catalytic
performance, delivering a FEHCOOH of 95.1 ± 1.3% at 1000mAcm−2 in a
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PEM electrolyzer. Remarkably, PdC0.13/CNT exhibits high stability,
enabling stable operation for 500 hours at 1000mA cm−2 (cell voltage:
1.8 V). Combined experimental and theoretical analyses revealed that
interstitial carbon incorporation weakens Pd-O interactions and soft-
ens the acidic strength of Pd sites, promoting *HCOOH desorption to
favor HCOOH production. Although PEM electrolyzer favors proton
conduction, optimizing hydrogen utilization efficiency as a proton
reservoir enhances *OCHOcoverage and suppresses theHER, enabling
efficient and stable HCOOH production. The discovery of a dual
mechanism simultaneously suppressing H₂ and CO formation pro-
vides novel guiding principles for achieving high performance using
Pd-based electrocatalysts in acidic CO₂RR to HCOOH. By engineering
interstitial atoms to modulate the catalyst’s soft acid strength, it pio-
neers a new research direction enabling stable regulation of chemical
bond strengths between the catalyst and intermediates under high
current densities.

Methods
Materials
Palladium (II) acetylacetonate (Pd, 97%, Macklin), potassium sulphate
(K2SO4, AR ≥ 99%, Aladdin), cellulose (25 μm, Macklin), concentrated
sulphuric acid (98%, Sinopharm Chemical Reagent Co. Ltd.), car-
boxylated multi-walled carbon nanotubes (>95%, Aladdin). Platinum
rutheniumblack (Pt 50%, Ru 50%) was purchased fromAladdin. Nafion
solution (5%) was purchase from Sigma-Aldrich. High pure H2

(99.999%) and CO2 (99.999%) come fromQingdaoDeyi Gas Company.
The deionized water in the experiment is always ultrapure water
(18.2MΩ·cm).

Synthesis of PdC0.13/CNT
All catalysts were synthesized via a solvent-free microwave-assisted
method. Specifically, Pd(acac)₂ (10mg), cellulose powder (10mg), and
carboxylated carbon nanotubes (10mg) were combined in a mortar
and thoroughly ground to form a homogeneousmixture. This mixture

was then transferred into a 10mL quartz vial and irradiated in a
householdmicrowave oven (Midea,Model PM2001) at a power of 1 kW
for 30 s. The reaction was initiated under ambient temperature and
atmospheric pressure. After irradiation, the product was washed with
ethanol and isolated by centrifugation. Finally, the obtained solid was
dried overnight in an oven at 60 °C, yielding a black powder.

Synthesis of other catalysts
Pd/CNT, PdC0.07/CNT, PdC0.20/CNT andPdC0.26/CNTwere synthesised
as described above. The difference is that the mass of cellulose was
replaced with 0mg, 5mg, 15mg and 20mg, respectively.

Calculation of the lattice hydrogen atoms

d =
λ

2sinθ
ð1Þ

dhkl =
αPdCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 + k2 + l2
p ð2Þ

0:54=
3 αPdC � αPd
� �

xαPdC
ð3Þ

Where λ is the X-ray wavelength (0.154 nm), θ is the angle in the XRD,
(hkl) is the face plane of Pd, αPd, αPdC is the lattice constant, x is the
number of hydrogen atoms.

Characterization
SEM images were obtained by Hitachi, S-8200. TEM and HRTEMof the
catalyst were tested using FEI Tecnai-G2 F30 at an accelerating voltage
of 80 KV. To confirm the atomic dispersion of metal atoms in the
samples, AC-HAADF-STEM (FEI Themis Z and Titan Cubed Themis G2
60-300) were used. Powder XRD spectra were recorded on an X’Pert-
ProMPDdiffractometer with Cu Kα radiation at 40 KV and 40mA. XPS
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analysis was performed with an Axis Supra spectrometer using a
monochromatic Al Kɑ source at 15mA and 14 kV. The TPD experiments
were conducted with a Micromeritics Auto Chem II 2920 instrument.
The composition of as-prepared samples was collected by the induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES, Agilent
8800). The catalysts after the durability test were sonicated in ethanol
and then collected for the next step of characterization.

X-ray absorption spectra were carried out at 9-BM beamline of
Advanced Photon Source (Argonne in America), TheX-ray beam size at
horizontal 1mm*1mm vertical. The resolution of beamline ΔE/E = 1*10-

4, and the photon fux (photons/sec) was 1*1011@15 keV per second. The
spectra were processed and analyzed by the software codes Athena.
The normalized, energy-calibrated Pd K-edge XANES spectra were
obtained using standard data reduction techniques with ATHENA and
ARTEMIS software. The EXAFS oscillations χ(k) as a function of pho-
toelectron wave number k was extracted by following standard pro-
cedures. For the samples, a k-range of 3-10.0 Å-1 was used and curve
fittingswere carried out in R-spacewithin an R range of 1.0-4.0 Å for k2-
weighted χ(k) functions. The obtained EXAFS data were treated using
the ATHENA module of the IFEFFIT software packages, and the para-
meter fitting was performed in the ARTEMIS55 module by using fol-
lowing equation:

χðkÞ=
X
j

NjS
2
0FjðkÞ
kR2

j

exp
�2Rj

λðkÞ

� �
exp �2k2σ2

j

� �
sin 2kRj ++jðkÞ

h i
ð4Þ

in whichNj refers to the number of neighbors in the jth atomic shell, S02

refers to the amplitude reduction factor, Fj(k) refers to the effective
curved-wave backscattering amplitude, Rj refers to the back scatterer
factor, λ refers to the mean free path, ϕj(k) refers to the phase shift, σj
refers to the Debye-Waller parameter of the jth atomic shell.

Electrochemical measurements
All electrochemical tests were performed on a CHI660E electro-
chemical workstation (Chenhua, Shanghai) and Gamry Reference
3000. The catalyst ink for working electrode was prepared by dis-
persing 2mg of catalyst in a mixed solution of 30μL Nafion (0.5wt%),
500μL ethanol and 470μL water followed by sonication for 30min-
utes. The homogeneous ink was carefully dropped onto the carbon
paper (1 cm2) to obtain the working electrode with a desirable loading
of 0.2mg cm-2 (0.19mgPd cm

-2). All experiments were carried out at
room temperature (25 oC). The electrochemical measurements of
CO2RR were conducted via a three-electrode setup with pre-reduction
catalyst, Ag/AgCl electrode and platinum sheet electrode as working
electrode, reference electrode and counter electrode, respectively.
The thermodynamic potential corresponding to Ag/AgCl was deter-
mined by the average potential where the current approaches zero.
The electrochemical measurement was conducted in a typical H-type
cell with the proton exchange membrane (Nafion 117, thickness:183 µ
m) and each chamber contained 40mL 0.5M K2SO4 solution (pH
adjusted to 3 ±0.03 by H2SO4). The electrolyte is prepared as needed
and stored at room temperature away from light. Before electro-
chemical measurement, the electrolyte in the cathodic compartment
was purged with CO2 for 30min. All potentials were reported with
respect to the RHE by the following equation:

Potential V vs:RHEð Þ=Potential V vs:Ag=AgCl
� �

+0:197V +0:0591pH

ð5Þ

In 0.5M K2SO4 solution (pH adjusted to 3 ±0.03 by H2SO4)
saturated with CO2, LSV was used to test and evaluate the CO2RR
performance of the catalyst at a sweep rate of 10mV s-1. All polarization
curves were corrected for 95% iR, where R was measured to be
1.1 ± 0.03Ω. Thedurability testwasperformed in0.5MK2SO4 solution
(pH adjusted to 3 ±0.03 by H2SO4) using chronoamperometry. EIS

measurements were carried out in a 0.5MK2SO4 solution (pH adjusted
to 3 ± 0.03 by H2SO4) pumped into pure CO2 gas at -0.9 V vs. RHE
with a frequency range from 100 kHz to 0.1 Hz and an ampli-
tude of 5mV.

Preparation of PEM electrolyzer
The electrolyzer (with an electrode exposure area of 2 × 2 cm²) was a
two-electrode system with the reference electrode removed, where
one gas diffusion layer (YLS-30T, GDL) with cathodic catalyst and the
other with Pt-Ru black were used as cathode and anode, respectively.
First, Nafion 117 membranes were treated with hydrogen peroxide and
0.5M sulfuric acid at 80 °C for 1 h, respectively. Next, a homogeneous
catalyst ink was prepared by mixing 20mg of catalyst, 20 µl of 1% by
weight PTFE emulsion, 2ml of ethanol, and 100μl of 5% ethanol
solution of Nafion, followed by ultrasonication for 0.5 hours. The ink
was then sprayed onto the GDL as a cathode electrode via an air gun
with a mass loading of 0.5mg cm-². During the cathodic reaction, the
rear of the gas diffusion electrode was permeated with high-purity
carbon dioxide at a flow rate of 20.0 sccm, which was controlled by a
gas flow meter used in the electrolysis process. The cathodic electro-
lyteflowedover the catalyst surface. ThepHof the cathodic electrolyte
was adjusted by sulfuric acid and potassium sulfate to adjust 3 ± 0.03.
In the anodic reaction (HOR), 20mg of Pt-Ru black catalyst, 20 µl of 1%
wt. PTFE emulsion, 2ml of ethanol, and 100μl of Nafion in 5% ethanol
solution were mixed to prepare a homogeneous catalyst ink, which
was subsequently ultrasonicated for 0.5 hours. The ink was then
sprayed onto the GDL as an anode electrode via a gas gun with a mass
loading of 0.5mgcm-². The rear of the gas diffusion electrode was
permeated with high purity wet hydrogen at a flow rate of 20.0 sccm,
which was also controlled by a gas flow meter used in the electrolysis
process. All electrochemical measurements were carried out on a
Gamry reference 3000 electrochemical workstation. All electro-
chemical data presented in this work were not corrected by iR com-
pensation in the two-electrode system.

CO stripping curves were performed in 0.5M K2SO4 (pH adjusted
to 3 ±0.03 byH2SO4) solution. Before the test, the solution was passed
to saturation underN2 atmosphere. Then, COwasbubbled into the cell
for 15min while the potential of the working electrode was held at a
constant potential of 0.1 V vs. RHE. Subsequently, it was transferred to
N2-saturated 0.5M K2SO4 (pH adjusted to 3 ± 0.03 by H2SO4), and CO
stripping was recorded by CV curves at a scan rate of 50mV s-1 at
potentials ranging from 0-1.05 V vs. RHE.

Calculation of the FE of liquid product HCOOH: The products
were characterized by ¹H NMR spectroscopy (AVAN CE NEO,
400MHz). A 500 µL sample from the H-type cell was directly diluted
with 100 µL of a DMSO-d6 and D₂O mixture (1:1000, v/v) for analysis.
The concentration of the reduced product HCOOH is calculated as
follows.

NMR sample contains:

VNMR sample = 500μL ð6Þ

All spectra were acquired under consistent parameters (e.g., scan
number) and the resultant ¹H-NMR signals were integrated and nor-
malized relative to DMSO. The concentration of the reduced product
HCOOH is calculated as follows.

Cx =
Ix
Istd

� Nstd

Nx
� Cstd ð7Þ

Where Cx is the concentration of HCOOH; Ix and Istd are the NMR
signal integrals of HCOOH and the internal standard (DMSO), respec-
tively; Nstd and Nx represent the numbers of protons in DMSO and
HCOOH; and Cstd is the concentration of DMSO. Subsequently, the FE
for HCOOH (the exclusive liquid product) was determined according
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to the equation below:

FEx =
Cx �

VNMR tube�Velectrolyte

VNMR sample
�Z �F

I�t
ð8Þ

Where “VNMR tube” is 600 µL (500 µL NMR sample + 100 µL DMSO-d6
and D₂O mixture), “Velectrolyte” is 40mL, “VNMR sample” is 500 µL, “Z” is
the electron transfer number for the product formation, and “F” is
Faraday constant (96485.3Cmol-1). Furthermore, I indicates the net
circuit current (A), and t is the total time in seconds.

Calculation of the FE, concentration and productivity of H2 and
CO: Gaseous products from the cathode compartment were subjected
to periodic headspace sampling and subsequent gas chromatographic
(GC) analysis. The product gas stream from the H-cell was directed to
the GC, where samples from a saturated pre-chamber were introduced
into the injection port. A GC7900 chromatograph, featuring dual
detection with a thermal conductivity detector (TCD) and a flame
ionization detector (FID), was employed to determine the yields of H₂
and CO across the range of applied potentials.

The concentration of gaseous species (i) was quantified based on
the detected signals, using the formula:

FE ið Þ%=
p�F �Z �V
Q�T �R × 100% ð9Þ

Productivity =
p�V
t�T �R × 100% ð10Þ

Concentration =
p�V

v�T �R�t × 100% ð11Þ

Where F is the Faraday constant; Z refers to the electron transfer
number per product; V, v, and t are the gas volume, flow rate, and
reaction time, respectively; p, T, and R denote atmospheric pressure,
temperature, and the ideal gas constant; and Q stands for the total
hourly charge.

Calculation of the half-cell energy conversion efficiency: The half-
cell energy conversion efficiency (also called cathodic energy effi-
ciency, CEE) is calculated using the equation:

CEEHCOOH %ð Þ= 1:23� EHCOOH

� ��FEHCOOH

1:23� Ecathode
ð12Þ

where “EHCOOH” is the standard potential of the HCOOH formation
(-0.199 VRHE). “FEHCOOH” is the Faradaic efficiency ofHCOOH. “Ecathode”

is the applied potential vs. RHE.

In situ FTIR measurement
The intermediate products during the CO2RR process were detected
by in-situ FTIR through Thermo iS50 FT-IR with a liquid-nitrogen-
cooled MCT-A detector. The in-situ FTIR curves were collected by the
method of internal reflection. The pre-reduction catalyst was used as
working electrode, Ag/AgCl electrode and platinum sheet electrode
were worked as reference electrode and counter electrode respec-
tively. All the tests were conducted in CO2 saturated 0.5M K2SO4

solution (pH adjusted to 3 ± 0.03 by H2SO4). The applied potential was
stepped positively from -0.7 V to -1.1 V (vs. RHE) with an interval of
100mV. The upward bands represent the formation of products, the
downward bands represent the consumption of reactants.

Calculation Setup
We carried out all the DFT calculations in the Vienna ab initio simula-
tion (VASP6.3.0) code. The exchange-correlation is simulatedwith PBE
functional and the ion-electron interactions were described by the
PAW method. The vdWs interaction was included by using empirical

DFT-D3 method. The 4×4 supercell of four layered Pd (111) (a = b =
11.005 Å, c = 23 Å; α = β = 90°, γ = 120°) and the C doped Pd (PdC0.13

(111)) were used to investigate the CO2RR and HER. The atoms in the
upper two layers of these surfaces are allowed tomove freely while the
bottom two layers are fixed to simulate the surface of structure. The
Monkhorst-Pack-grid-mesh-based Brillouin zone k-points are set as
3×3×1 for all surface with the cutoff energy of 450eV. Taking the
PdC0.13 (*OCHO and *COOH) system as an example to test the energies
calculated at different K points, it can be seen that the energy of the
system almost reaches equilibrium at 3×3×1. Moreover, the adsorption
energy difference (<2meV/atom) of different intermediates at this
point satisfies the established selection criteria. Considering the
computational resource usage and computational accuracy, the 3×3×1
chosen in this work is reasonable (Supplementary Fig. 40). The con-
vergence criteria are set as 0.02 eVA-1 and 10-5eV in force and energy,
respectively.

The free energy calculation of species adsorption (ΔG) is based on
following model.

ΔG=ΔE +ΔEZPE +ΔH0!T � TΔS ð13Þ

Herein ΔE, ΔEZPE, and ΔS respectively represent the changes of elec-
tronic energy, zero-point energy, and entropy of the intermediate. The
ΔH0→T refers to the change in enthalpy when heating from 0K to T K.
The entropy of H+ + e- pair is approximately regarded as half of H2

entropy in standard condition. The binding energy was calculated as
Ebinding = Esubstrate + Eadsorbate − Etotal, where the Esubstrate, Eadsorbate and
Etotal were the DFT energy of the catalyst substrate, the adsorbate and
the total system.

The band center can be determined using the following formula:

εorbitals =

R1
�1norbitalsðεÞεdεR1
�1norbitalsðεÞdε

ð14Þ

The given equation represents the calculation formula for the
band center. In this equation, ε represents the energy level, and norbitals
(ε) corresponds to the density of states (DOS) of the orbitals (such as s,
p, d and f) in the material. The optimized configuration of Pd and
PdC0.13 are shown in Supplementary Data 1, 2.

Data availability
The data generated in this study are provided in the Supplementary
Information and Source Data file. Source data are provided with
this paper.
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